1. Introduction {#s0005}
===============

The triplex AcrAB-TolC is one of the most well-studied multidrug efflux system in Gram-negative bacteria [@bib1], [@bib2], [@bib3]. It contains an inner membrane transporter AcrB, an outer membrane channel TolC, and a periplasmic adaptor protein AcrA. Together they form a continuous structure that spans both layers of the cell membrane and the periplasmic space between the membranes. AcrAB-TolC plays an important role in conferring drug-resistance against a large array of structurally different compounds including most antimicrobials on the market [@bib4], [@bib5]. Therefore, it has been the subject of intense studies over the past three decades. The structure of *E. coli* AcrB was first determined in 2002 [@bib6]. Over the next 16 years close to 30 crystal structures of the protein, including wild type, mutants, or with/without bound substrate, have been deposited into the protein data bank. AcrB exists and functions as a trimer. In previous studies we have shown that the trimer stability is critical for activity, as mutations introduced at the inter-subunit interface lead to trimer dissociation and loss of efflux activity [@bib7]. However, the trimer stability was accessed using detergent solubilized and purified samples. It remained unclear how the mutant behaved in the cell membrane under naturel conditions. Do they predominantly exist as monomers as observed after extraction, or as trimers, or in equilibration between trimers and monomers?

A challenge in all studies on membrane protein complex and oligomerization is the potential artifact from membrane extraction and detergent solubilization. When removed from its native environment of the lipid bilayer cell membrane, loosely associated oligomers may dissociate and lead to false negative conclusions about protein interactions and their oligomeric states. Few techniques are compatible with the study of protein structure and interaction in cell membranes. Among those that are compatible, fluorescence microscopy affords many convenient quantitative opportunities [@bib8], [@bib9]. Fluorescent tagged proteins can be readily identified and detected in intact cells, without the need for extraction and purification. Several methods have been developed and adapted to study membrane proteins in cell membranes, including FRET and FRAP. FRET can reveal information about the distances between a donor fluorophore tagged protein and an acceptor fluorophore tagged protein [@bib10], [@bib11], [@bib12], [@bib13]. From the level of energy transfer, the distance between acceptor and donor fluorophores and hence interaction and assembly of membrane protein complexes can be identified. FRAP measurements can reveal the diffusion kinetics and diffusion coefficients of fluorescent-tagged proteins in fluidic cell membranes [@bib14], [@bib15]. Upon protein complexes formation, diffusion coefficients are reduced. An alternative method to probe the formation of protein complexes in cells is chemical crosslinking. Covalent linkage can be established between subunits in a protein complex in cells prior to protein extraction and purification. Bifunctional crosslinkers with different arm lengths can be employed when the structures of the proteins are unknown. When molecular structures are known, cysteine pairs can be introduced at strategic sites to investigate the distribution of monomer vs. oligomer and examine the effect of mutations on complex formation/population distribution. This method is especially useful for prokaryotic proteins, which normally contain very few intrinsic cysteine residues [@bib16].

Here we used a combination of FRET and FRAP, as well as a controlled disulfide trapping method, to investigate the oligomeric state of AcrB~P223G~ in the cell membrane. We found that the mutant existed predominantly as trimers in the cell membrane, in contrast to its detergent solubilized state. We have also discovered that the dissociation of AcrB~P223G~ trimer during extraction and purification is due to the high detergent concentration necessary for efficient extraction. Removal of excess detergent during purification promoted re-association of AcrB~P223G~ trimers.

2. Materials and methods {#s0010}
========================

2.1. Cloning, protein expression and purification {#s0015}
-------------------------------------------------

The gene CFP or YPet was inserted at the C-terminus of AcrB in plasmids pBAD33-AcrB or pBAD18-AcrB, respectively, to create pBAD33-AcrB-CFP or pBAD18-AcrB-Ypet. A short 5 residue linker, GGSGG, was also included in between the C-terminus of AcrB and the N-terminus of the fluorescent tag. Plasmids pBAD33-AcrB~P223G~-CFP or pBAD18-AcrB~P223G~-Ypet were created by site directed mutagenesis using the corresponding plasmids as templates. DNA sequence encoding the protein of interest was confirmed via sequencing.

Plasmids encoding the indicated AcrB constructs were transformed into the *E. coli* strain *MG1655ΔacrB* for expression. A single colony was picked from the LB agar plate and used to inoculate 3 mL LB culture containing the appropriate antibiotics (chloramphenicol for pBAD33 constructs and ampicillin for pBAD18 constructs). The cultures were grown overnight and then used to inoculate 1 L of fresh LB-antibiotics media. The cultures were incubated at 37 °C until the OD600 reached 1.0. Arabinose was added to a final concentration of 0.2% to induce protein expression and the cultures were grown at 28 °C for 15 h. Bacteria cells were then harvested and stored at −80 °C before purification. The protein was purified as described elsewhere [@bib7], [@bib17], [@bib18].

2.2. Preparation of the microscopy samples {#s0020}
------------------------------------------

*E. coli* strain *MG1655∆acrB,* transformed with the indicated plasmid, was cultured in LB media containing the appropriate antibiotic overnight. The next morning, the overnight culture was diluted 20 fold into fresh media and cultured to an OD600 of \~0.5. Protein expression was under basal condition without induction. The cell culture was directly dropped onto a pre-made agar gel pad to prepare samples for microscopy, similar to earlier described protocols [@bib19]. To prepare the gel pad, 25 mL of 1% of agarose in LB media was autoclaved, and then cooled to \~50 °C. 70 µL of the solution was pipetted into a Gene Frame (ThermoFisher Scientific) mounted at the center of a glass slide. A cover film was immediately applied on top of the gel. The gel pad could be stored at 4 °C in a sealed container for several weeks. To prepare the microscopy sample, the slide was first warmed to room temperature. The cover slide was removed and 2 µL of *E. coli* culture was applied onto the gel surface. By slightly tilting the gel pad back and forth several times, the *E. coli* suspension was evenly spread over the gel pad surface. After 5 min of drying, the gel pad was removed from the gel pad frame with tweezers and remounted on a fresh glass slide with the *E. coli* covered surface facing up and covered using a 0.17 mm thick cover glass.

2.3. Scanning laser confocal microscope imaging {#s0025}
-----------------------------------------------

All imaging and measurement of *E. coli* cells expressing fluorescent proteins were conducted using the Zeiss LSM 880 with Airyscan laser scanning confocal microscope using a Plan-Apochromat 63 × /1.4NA oil immersion objective.

For the donor photobleaching FRET (pbFRET) method, we used the Airyscan detector in super resolution mode. The detector gain was set at 800 and the donor (AcrB-CFP) fluorescence was monitored between 465 and 505 nm. During the imaging and photobleaching process, the Ar laser was used as the light source at full power. The 458 nm line of the Ar laser was used as the excitation source for AcrB-CFP imaging and photobleaching. The 514 nm line of the Ar laser was used to bleach AcrB-YPet.

For the spectrum-based FRET method, a photomultiplier detector and a variable stepwise emission dispersion was used to obtain fluorescence emission spectra of the donor-only sample (*E. coli* expressing AcrB-CFP), the acceptor-only sample (*E. coli* expressing AcrB-YPet), and the FRET sample (*E. coli* expressing both AcrB-CFP and AcrB-YPet). The gain of the PMT detector was set at 800. The spectrum resolution was 5 nm.

The diffusion coefficient of AcrB-YPet in the *E. coli* membrane was measured at the single cell level using FRAP. The *E. coli* cells were imaged using the 514 nm laser as the excitation source at 1% of the full output power. The corresponding fluorescence signal was detected through a bandpass filter of 525--700 nm using the Airyscan detector in super resolution mode with the gain set at 800. Photobleaching was conducted using the 514 nm laser at full power. All measurements were conducted within 2 h of the deposition of *e. coli* cells on the gel pads at 21 °C. More details about the data analysis and calculation are described in Cai et al. [@bib20]

2.4. Blue-native PAGE (BN-PAGE) {#s0030}
-------------------------------

BN-PAGE was conducted as described in detail with minor modifications [@bib21]. Briefly, purified AcrB samples were mixed with blue native loading buffer at a final concentration of 0.5 M 6-aminohexanoic acid, 5% Coomassie blue G-250, 5% glycerol, pH 7.0, and loaded to a 4--20% gradient polyacrylamide gel (BIO-RAD, Hercules, CA). Electrophoresis was performed using the cathode buffer (50 mM tricine, 7.5 mM imidazoole, 0.02% Coomassie brilliant blue G-250, pH 7.0) and anode buffer (25 mM imidazole, pH 7.0) at 15 mA, in a 4 °C refrigerator for 2--4 h. The protein bands were finally visualized with Coomassie Blue staining and de-staining.

2.5. Drug susceptibility assay {#s0035}
------------------------------

AcrB activity was usually determined by a drug susceptibility assay. The MIC of different strains were measured as described [@bib22]. Briefly, an *acrB* deficient *E. coli* strain (*BW25113ΔacrB*) was used as the host cell. The *BW25113ΔacrB* strain transformed with plasmid-encoded WT AcrB or pQE70 vector were used as positive and negative controls, respectively. Plasmids encoding different AcrB mutants were transformed into *BW25113ΔacrB* as well. Freshly transformed cells were plated on LB-agarose plates containing 100 μg/mL ampicillin and 50 μg/mL kanamycin. The same ampicillin and kanamycin concentrations were used throughout the study. A single colony was inoculated into a LB medium supplemented with ampicillin and kanamycin. The exponential-phase cultures of different strains were diluted to an OD600nm of 0.1 with LB broth. 10 µL of this diluted culture was used to inoculate 1 mL LB medium containing the indicated concentration of erythromycin or novobiocin. The cultures were incubated under shaking at 37 °C for 6 h. Absorbance at 600 nm of each culture was measured to determine the minimum inhibitory concentration (MIC). This activity assay was conducted under the basal AcrB expression condition. Each experiment was repeated a minimum of three times.

2.6. Kinetic studies of AcrB association {#s0040}
----------------------------------------

Purified AcrB~P223G~-CFP and AcrB~P223G~-YPet freshly eluted from the Ni-NTA column were mixed at a 1:1 molar ratio, and the increase of the FRET emission (ex/em at 430/530 nm, respectively) was monitored over time.

2.7. In vivo Cu(Phen)~3~ oxidation {#s0045}
----------------------------------

Crosslinking of the Cys pair at the intersubunit interface was conducted as described with minor modifications [@bib23]. Briefly, cell cultures (5 mL) expressing the indicated AcrB constructs were grown to an OD600 of \~1.2, and then centrifuged, washed twice with 5 mL of phosphate buffer (50 mM NaPi, 100 mM NaCl, pH7.5), and finally resuspended in 200 μL phosphate buffer. Stock solution of 150 mM CuSO~4~ was prepared in water. Phen (170 mM) was dissolved in 70% ethanol. For 200 µL of sample, 2 µL CuSO~4~ solution was mixed with 6 µL of Phen solution and immediately added to the mixture. The samples were incubated on ice for 10 or 20 min as indicated, before a stop solution was added (20 mM Tris, 8 mM NaH~2~PO~4~, pH 7.8, 12.5 mM EDTA). Samples were centrifuged to remove the supernatant, and the cell pellets were processed and subjected to anti-AcrB immunoblotting analysis as described [@bib24].

3. Results {#s0050}
==========

3.1. AcrB-CFP and AcrB-YPet are active {#s0055}
--------------------------------------

Introduction of a fluorescence protein at the C-terminus of inner membrane proteins has been used in several studies as a tool to probe the topology and localization of proteins of interest. We do not expect the tag to affect the structure and activity of AcrB. Activities of AcrB and the fluorescent fusion proteins were examined using the MIC assay ([Table 1](#t0005){ref-type="table"}). Two AcrB substrates were used in the assay, novobiocin and erythromycin. For both substrates, AcrB fusion proteins are largely active, indicating that the tagged proteins form native-like trimer structures. The two fold decrease of MIC of erythromycin for AcrB-Ypet could be due to reduced expression level of the protein or mild effect of the tag on function-related conformational changes of AcrB.Table 1MIC (μg/mL) of *BW25113ΔacrB* containing plasmids encoding indicated AcrB constructs.Table 1PlasmidAcrBAcrB-CFPAcrB-YPet/Novobiocin32032032020Erythromycin1601608020

3.2. FRET efficiency in CFP/YPet tagged AcrB and AcrB~P223G~ {#s0060}
------------------------------------------------------------

Two independent FRET methods were used to determine the apparent energy transfer efficiency of co-expressed AcrB-CFP/AcrB-YPet, and AcrB~P223G~-CFP/AcrB~P223G~-YPet. Since AcrB form trimers, the protein population will be a diverse combination of trimers containing one donor and two acceptor subunits, or one acceptor and two donor subunits, as well as FRET-silent trimers containing only donor or acceptor subunits. Since the goal is to qualitatively compare the efficiency between the WT and P223G AcrB, we determined the apparent FRET efficiency (E) of the two constructs.

The first method is pbFRET [@bib8], [@bib25]. The pbFRET measures the fluorescence decay of the donor emission in the presence and absence of the acceptor when the donor is undergoing photobleaching. During photobleaching, the fluorescence intensity of the donor is recorded as a function of time. The recorded data is plotted and fitted according to an exponential decay in order to obtain the decay constant *τ*:$$I = I_{0} + Ae^{- \frac{t}{\tau}}$$

The donor's fluorescence decay rate (*1/τ*) is proportional to the photobleaching rate, which is in turn proportional to the number of molecules in the excited singlet state. A higher FRET efficiency corresponds to a slower photobleaching rate and a larger decay constant *τ*. The FRET efficiency can be expressed as functions of the donor fluorescence intensity decay constant of the donor-acceptor pair $\tau_{D}^{\mathit{DA}}$ and the donor only sample ${}\tau_{D}^{D}$:$$E = {1 -}\frac{\tau_{D}^{D}}{\tau_{D}^{\mathit{DA}}}$$

$\tau_{D}^{D}{}$ and $\tau_{D}^{\mathit{DA}}$ are decay constants, τ is obtained from the fitting the fluorescent intensity curves over time for donor emission, from the donor only sample and donor-acceptor pair, respectively [@bib25].

The intensity decay curves were obtained from two photobleaching time-lapse image sequences, collected before and after acceptor photobleaching, which were corrected for background. Detailed experimental and calculation procedure can be found in the [Supplementary material](#s0095){ref-type="sec"}. In [Fig. 1](#f0005){ref-type="fig"}, representative images and extracted fluorescence decay curves are shown. As shown in [Figs. 1](#f0005){ref-type="fig"}b and [1](#f0005){ref-type="fig"}d, the photobleaching process destructed a large portion of the acceptor molecules (YPet), which abolished the corresponding FRET, and thus the fluorescence signal of the donor (CFP) for both AcrB-CFP and AcrB~P223G~-CFP increased. Furthermore, after the photobleaching of the acceptor, the CFP fluorescence decayed faster during the imaging process, as reflected by the decrease of decay constant τ in both the wild type and the mutant proteins. The observed increase in CFP fluorescence intensity and the decrease in τ indicated the existence of FRET both in the wild type and the mutant proteins. The FRET efficiency is calculated to be 50 ± 6%, and 22 ± 3% for wild type and P223G AcrB, respectively, from measurements of multiple cells as listed in [Table 2](#t0010){ref-type="table"}.Fig. 1The photobleaching of *E. coli* cells expressing both AcrB-CFP and AcrB-YPet, or AcrB~P223G~-CFP and AcrB~P223G~-Ypet. Representative images of wild type (a.) and P223G (c.) The fluorescence images were recorded in the CFP emission band (465--505 nm), under 458 nm laser excitation. The *E. coli* cells used for analysis are marked by the yellow outline and their mean fluorescence intensities of this Region of Interest (ROI) in a sequence of time-lapse images are extracted (black data points in b and d) before and after the photobleaching of the acceptor (red data points in b and d). The fit of fluorescence intensity decay curves is plotted in b (WT) and d (P223G) for these two representative *E. coli* cells.Fig. 1Table 2The FRET efficiency of CFP and YPet labeled AcrB in *E. coli* cells.Table 2FRET efficiencypbFRET methodNumber of measurementsspectrum methodNumber of measurementsWT50 ± 6%2035 ± 6%16P223G22 ± 3%1226 ± 5%30

The second method is the spectrum-based FRET. The Zeiss confocal microscope is equipped with a spectral dispersion mechanism that can be used to obtain an emission spectrum of each pixel in a fluorescent image. This capacity enabled us to measure the spectrum-based FRET efficiency, which is based on the analysis of corrected spectra curve integrals [@bib13], [@bib26]. The spectrum-based FRET method has several advantages over the simpler conventional acceptor photobleaching methods [@bib26]. Among the main advantages are that it monitors simultaneous changes in donor and acceptor fluorescence, and accounts through correction factors for crosstalk. Therefore, it is a more robust and reliable method.

We imaged *E. coli* cells expressing AcrB-CFP, AcrB-YPet, or both, as well as their P223G counterpart using the spectral emission fingerprinting. According to the spectrum-based FRET definition, the FRET efficiency E is calculated as [@bib9], [@bib26]:$$E = \frac{I_{\lambda D}^{A}\cdot Q^{D}/Q^{A}}{I_{\lambda D}^{D} + I_{\lambda D}^{A}\cdot Q^{D}/Q^{A}}$$where $I_{\mathit{\lambda}D}^{A}$ is the acceptor sensitized fluorescence intensity, $I_{\mathit{\lambda}D}^{D}$ is the donor fluorescence emission intensity directly excited at donor wavelength obtained from the donor pure spectra, *Q*^*D*^*/Q*^*A*^ is the ratio of donor to acceptor quantum yield. The quantum yield of CFP and YPet are 0.40 and 0.77respectively [@bib27], [@bib28]. $I_{\mathit{\lambda}D}^{A}$ and $I_{\mathit{\lambda}D}^{D}$ were obtained through measurements from C and F channels ([Fig. 2](#f0010){ref-type="fig"}) after corrections. Detailed calculation can be found in the [Supplementary material](#s0095){ref-type="sec"}. The FRET efficiency values calculated based on the spectrum FRET method is shown in [Table 2](#t0010){ref-type="table"}.Fig. 2Representative images collected from the Airyscan detector. a) The fluorescence image in Channel 1 (C, CFP), which recorded fluorescence signal excited at 458 nm collected between 473 and 483 nm and b) The fluorescence image in Channel 2 (F, FRET), which recorded fluorescence signal excited at 458 nm and collected over 523--533 nm band. c) The fluorescence image in Channel 3 (Y, YPet), recorded the fluorescence excited at 514 nm over 523--533 nm. Region of interests were highlighted in white boxes.Fig. 2

Two FRET methods were used to determine the energy transfer efficiency to validate the accuracy of the obtained values. According to the spectrum method, the FRET efficiency values between the WT and P223G AcrB are not significantly different, while there are significant differences for the pbFRET method obtained values. This difference reflects the variation between cells sampled during the experiment, as well as discrepancies in data collection and analysis of the two methods. For both methods, significant energy transfer was detected for AcrB~P223G~ fluorescent fusion proteins, suggesting that at least a large portion of AcrB~P223G~ still exists as oligomers (most likely trimers) in the cell membrane.

3.3. Comparison of diffusion coefficients determined using the FRAP technique {#s0065}
-----------------------------------------------------------------------------

The FRAP method was used to measure the diffusion coefficient of AcrB-YPet and AcrB~P223G~-YPet in the *E. coli* cell membrane. The rationale of this experiment is based on the correlation of diffusion rate with the molecular weight of proteins. Larger proteins, or protein complexes tend to diffuse slower, and thus trimeric AcrB should diffuse substantially slower than monomeric AcrB. If AcrB~P223G~ exists predominantly as monomers in the cell membrane, it should have a much larger diffusion coefficient than that of WT AcrB. [Fig. 3](#f0015){ref-type="fig"} illustrates representative images of *E. coli* cells expressing AcrB-YPet before and after photobleaching. Before photobleaching ([Fig. 3](#f0015){ref-type="fig"}a), clear yellow envelopes can be observed around each *E. coli* cells. The bottom half of the cell on the right was then photobleached. Immediately after bleaching, the region is completely dark ([Fig. 3](#f0015){ref-type="fig"}b). After 211 s of recovery, weak but significant fluorescent contours could be identified due to diffusion of AcrB-YPet from unaffected area to the bleached area. Because of continuous imaging during the recovery period, the overall image intensity is reduced. Fluorescence of an unaffected area was also collected in parallel (*I*~*cntl*~*(t)*) and used for correction of the ongoing photobleaching during imaging. Recovery of fluorescence intensity (*I*~*bl*~*(t)*) over time after photobleaching was paired with the control intensity to calculate the Recovery Ratio *F*:$$F(t) = \frac{I_{\mathit{bl}}(t)}{I_{\mathit{cntl}}(t)}$$Fig. 3FRAP measurement for the determination of the diffusion coefficient of AcrB-YPet in *E. coli* cell membranes. Representative image of wild type *E. coli* cells expressing AcrB-YPet. b. Image of the *E. coli* cells immediately after the bottom half of the *E. coli* on the right was photobleached. c. Image of the same *E. coli* cells 211 s after photobleaching. d. The fluorescence recovery ratio of the bleached area plotted as a function of recovery time measured for AcrB-YPet. The diffusion coefficient was obtained from fitting the recovery curve as described in the [Supplementary material](#s0095){ref-type="sec"}. e. The fluorescence recovery ratio of bleached area plotted as a function of recovery time measured for the mutant AcrB~P223G~-YPet. The diffusion coefficient was obtained from fitting the recovery curve as described in the [Supplementary material](#s0095){ref-type="sec"}.Fig. 3

Fitting of the plot of *F(t)* over time revealed the diffusion coefficients of AcrB-YPet and AcrB~P223G~-YPet to be 0.0086 ± 0.0007 and 0.0092 ± 0.0011 µm^2^/s, respectively. Details on the calculations are presented in the [Supplementary material](#s0095){ref-type="sec"} [@bib11] .

While in [Fig. 3](#f0015){ref-type="fig"} we observed clear membrane localization, in [Figs. 1](#f0005){ref-type="fig"} and [2](#f0010){ref-type="fig"} the observation was not as clear. The major difference between the experimental conditions in obtaining [Fig. 3](#f0015){ref-type="fig"} (clear membrane localization) and [Figs. 1](#f0005){ref-type="fig"} and [2](#f0010){ref-type="fig"} (not as clear) was the excitation wavelength and protein expression level. [Fig. 3](#f0015){ref-type="fig"} was obtained using the 514 nm laser as the excitation source. In contrast, [Figs. 1](#f0005){ref-type="fig"} and [2](#f0010){ref-type="fig"} were obtained using the 458 nm laser as the excitation source. Both [Figs. 1](#f0005){ref-type="fig"} and [2](#f0010){ref-type="fig"} are studies of the FRET effect, which measures the energy transfer from the donor CFP to the acceptor YPet after CFP was excited. The CFP signal is intrinsically weak, as a result, higher excitation intensity needs to be used. In addition, the observation window is close to the excitation wavelength, which led to a higher level of non-specific background fluorescence. In contrast, [Fig. 3](#f0015){ref-type="fig"} was obtained using the 514 nm excitation, and observed in the range of 525--700 nm. In addition, YPet intrinsically has stronger emission, thus a lower excitation intensity was used. This combination reduced the level of non-specific background fluorescence signal. In terms of protein expression, [Figs. 1](#f0005){ref-type="fig"} and [2](#f0010){ref-type="fig"} were obtained using *E. coli* cells expressing both AcrB-CFP and AcrB-YPet, while [Fig. 3](#f0015){ref-type="fig"} was obtained using cells only expressing AcrB-YPet. The co-expression condition reduced the expression level of each individual construct, which also contributed to the higher background and less clear membrane localization in [Figs. 1](#f0005){ref-type="fig"} and [2](#f0010){ref-type="fig"}.

3.4. Optimization of the reaction condition for the disulfide trapping method {#s0070}
-----------------------------------------------------------------------------

Fluorescent imaging of membrane proteins in live cells is challenging and potentially impacted by artifacts [@bib29], [@bib30]. We used additional biophysical methods to confirm the observations from our microscopy studies. First we conducted disulfide trapping. For our purpose, we need to identify an experimental condition in which disulfide bonds do not form between AcrB subunits in a trimer during cell growth, thus the protein expression and assembly would not be affected by the formation of disulfide bonds. Then the proteins are quickly oxidized before detection to promote disulfide bond formation, which locks oligomers via covalent bond and prevents them from dissociating during the subsequent detergent extraction and purification steps. Toward these goals, we used several AcrB mutants created in previous studies. AcrB contains two intrinsic Cys residues, which were replaced with Ala to construct a Cys-less AcrB. Later mutations were introduced into this Cys-less background. As shown in [Fig. 4](#f0020){ref-type="fig"}A, AcrB forms a tight trimer. V225 and A777 are located at the interface in the periplasm between neighboring subunits, which form disulfide bond when both are mutated into Cys under normal culturing conditions [@bib31]. The formation of a disulfide bond between Cys225 and Cys777 in the double mutant AcrB~V225C/A777C~ is close to 100% and does not affect its efflux activity. We have previously shown that when AcrB~V225C~ and AcrB~A777C~ were co-expressed, disulfide bonds formed in mixed trimers containing both subunits and the resultant protein sample migrated as a mixture of monomer and disulfide bond-linked dimers [@bib24]. Using these constructs as tools, we first examined under what condition the disulfide bond ceased to form during protein expression.Fig. 4Inter-subunit disulfide bond formation in AcrB trimer. a) Head view (from the periplasmic side) of an AcrB trimer. The side chains of V225 and A777 were highlighted using a space fill model. Residues are colored according to their corresponding subunit. b) The spontaneous formation of disulfide bonds in AcrB~V225C/A777C~ could be prevented by the addition of DTT in the medium. Lane 1 reveals three high molecular weight bands, which are dimer and two trimer bands (linear and circular) [@bib24]. Most high molecular weight bands disappeared in the presence of 4 mM DTT. c) The co-expression of AcrB~V225C~ and AcrB~A777C~ leads to the formation of inter-subunit disulfide bonds in a hybrid trimer, which migrated as a mixture of monomer and dimers in non-reducing SDS-PAGE (lane 4). When cultured in the presence of DTT, no disulfide bonds formed (lane 1). Oxidation by Cu(Phen)~3~ for 10 or 20 min on ice lead to the formation of disulfide bonds.Fig. 4

We cultured the *E. coli* strain *BW25113∆acrB* transformed with a plasmid encoding AcrB~V225C/A777C~. Protein expression was examined under basal condition without induction. Under normal culturing condition in LB medium without DTT, disulfide bonds formed between C225 and C777 as expected, and AcrB~V225C/A777C~ migrated mainly as a covalently linked trimer with a small portion migrating as dimers ([Fig. 4](#f0020){ref-type="fig"}B, lane 1). As previously described, we speculate that the two bands T and T\* correspond to a linear trimer (three subunits linked by two disulfide bonds between A--B, and B--C) and a circular trimer (with an additional disulfide bond connecting C--A) [@bib24]. To prevent the formation of the disulfide bond, DTT was included in the LB medium at concentrations of 2, 4, 6 and 8 mM. DTT at concentrations higher than 5 mM noticeably slowed down cell growth. At 4 mM, the spontaneous formation of disulfide bonds was largely inhibited. The majority of proteins migrated as monomers, with \~10% migrating as a dimer band. An additional increase of DTT did not further reduce the amount of dimers. Therefore, we choose to add 4 mM DTT in the media while culturing the cells.

Next, we co-expressed AcrB~V225C~ and AcrB~A777C~ to monitor the formation of disulfide bonds upon oxidation. To compare the efficiency of spontaneous disulfide bond formation and disulfide bonds formed upon addition of Cu(Phen)~3~, *BW25113∆acrB* transformed with plasmid encoded AcrB~V225C~ and AcrB~A777C~ was cultured in the presence or absence of 4 mM DTT overnight. Next, cell culture grown in the presence of DTT was centrifuged and washed twice using an ice cold phosphate buffer (50 mM NaPi, 200 mM NaCl, pH 7.5) buffer. Cell pellet was then resuspended in the same phosphate buffer, and Cu(Phen)~3~ was added as described in Materials and Methods. The mixture was incubated on ice for 10 or 20 min, and then the cells were processed and analyzed using anti-AcrB Western blot. As shown in [Fig. 4](#f0020){ref-type="fig"}C, a dimer band was present when the cells were cultured in normal LB medium, but was absent when the culture was grown in the presence of DTT. Incubation of cells grown in the presence of DTT with Cu(Phen)~3~ effectively converted a portion of protein into dimers, at a similar level as in the culture grown in the absence of Cu(Phen)~3~. A short treatment of 10 min on ice has been proven to be effective and was used in the rest of the study.

3.5. AcrB~P223G~ exists as trimers in cell membrane {#s0075}
---------------------------------------------------

We have previously reported that when cultured under normal conditions in LB, in the absence of reducing agent, AcrB~P223G/V225C/A777C~ spontaneously forms trimers, which partially restores the efflux activity of the protein due to the P223 to Gly mutation [@bib7]. Here the cells were cultured in the presence of 4 mM DTT and then oxidized quickly using Cu(Phen)~3~ on ice for 10 min. As shown in [Fig. 5](#f0025){ref-type="fig"}A, AcrB~P223G/V225C/A777C~ formed disulfide bonded trimers. When β-mercaptoethanol was added to the loading dye, the majority of the higher molecular weight species was reduced and migrated as monomers. We found that AcrB in SDS-loading dye could not be boiled. This heat treatment routinely used to fully denature and unfold proteins leads to AcrB precipitation. Thus we speculate that the residual amount of dimer band upon reduction is due to incomplete protein reduction/denaturation. Result from this new oxidation experiment is consistent with the result from spontaneous disulfide bond formation experiments. Thus we conclude that while the P223G mutation reduced trimer affinity, the mutant protein still exists predominantly as trimer in cell membranes. The dissociation into monomers likely occurred during membrane extraction, in which the large excess of detergent molecules disrupts protein-protein interaction.Fig. 5Trimerization of AcrB~P223G~. a) Anti-AcrB Western blot analysis. AcrB~P223G/V225C/R777C~ cultured in the presence of 4 mM DTT did not form disulfide bonds (lane 1). Oxidation using Cu(Phen)~3~ for 10 min on ice led to the formation of oligomer bands (lane 2). Upon reduction, most of the oligomer bands except for part of the dimer band were reduced to monomers (lane 3). b) Freshly purified wild type AcrB migrated as trimers in BN-PAGE analysis (lane 1), while freshly purified AcrB~P223G~ migrated as monomers (lane 2). After overnight incubation, AcrB~P223G~ also forms trimers (lane 3). c) Fluorescence emission spectra (ex 430 nm) of AcrB~P223G~-CFP and AcrB~P223G~-YPET mixed at 1:1 molar ratio. The black trace was collected right after incubation, while the red trace was collected after 3 h. The shoulder peak with apparent wavelength of \~525 nm is the FRET emission. d) Increase of FRET fluorescence (ex/em at 430/530 nm, respectively) over time.Fig. 5

If this is indeed the reason for the observed monomeric P223G after purification, then reducing the detergent concentration should lead to protein re-association into trimers. During protein purification, 2% (w/v) DDM was used for membrane extraction. Extracted solution was incubated with Ni-NTA resin for 2 h, and then beads were collected in a column and washed using a wash buffer containing 0.03% (w/v) DDM. The wash step took approximately 10 min. At this step reassociation could not occur either even though the detergent concentration was lowered, since proteins were immobilized to resins via their C-terminal histag. Association of monomers into trimers could occur as soon as the proteins were freed from the resin using an elusion buffer containing 0.03% (w/v) DDM. The elution process took a few minutes. We noticed that when freshly eluted AcrB~P223G~ was analyzed immediately using BN-PAGE, AcrB~P223G~ migrated largely as monomers, with a very small portion migrated as timers [@bib7]. However, when we analyzed the sample after overnight incubation, the majority of the monomers re-associated into trimers ([Fig. 5](#f0025){ref-type="fig"}b, lane 3). To examine the time scale of assembly, we took advantage of the fluorescent fusion proteins AcrB~P223G~-CFP and AcrB~P223G~-YPet. When freshly purified, both were mainly monomers as revealed by BN-PAGE (not shown). When mixed together, a clear FRET signal (ex/em wavelengths of 430/530 nm, respectively) increased over time, indicating that oligomerization occurred quickly and a significant portion of monomers associated into dimers and then trimers within hours ([Fig. 5](#f0025){ref-type="fig"}c, d). This result indicated that AcrB~P223G~ is capable of trimerization, supporting our hypothesis that the protein exists as trimers, rather than monomers, in the cell membrane under the native condition.

4. Discussion {#s0080}
=============

To effectively compete with lipids and solubilize membrane proteins, detergent needs to be added at high concentrations. In our routine protocol, as well as many published protocols involving membrane protein purification, concentration of 1--2% (w/v) is normally used. For membrane proteins, the effective protein concentration is defined by its molar ratio to detergent concentration, since the number of detergent micelles defines the actual "space" that the protein can occupy. Thus, a higher detergent concentration correlates to a lower protein concentration, which promotes oligomer dissociation. As an estimation, the surface area of an *E. coli* cell is approximately 6 µM^2^. Assuming 50% of the cell surface is occupied by lipid, and an average lipid surface area of 50 Å^2^, the number of lipid molecules per cell is 6 × 10^6^ [@bib32]. Under our over-expressing condition, there are \~3200 AcrB trimers, or 10,000 AcrB subunits per *E. coli* cell [@bib24], thus the molar ratio (molarity of protein over molarity of lipid) is 10,000: 6 × 10^6^, or 1: 600. The actual number of "free" lipids per AcrB subunit is much less, considering there are other membrane proteins that also need to be surrounded and "solubilized" by lipids. During membrane extraction, if 2% (w/v) DDM is used, the molar concentration is \~0.04 M. We routinely resuspend cell pellet from 1 L culture overexpressing AcrB in 40 mL buffer during detergent extraction, which roughly correlated to 4 mg of AcrB (3.2 × 10^−8^ mol) per 40 mL of buffer containing 2% DDM (1.6 × 10^−3^ mol), thus the molar ratio is 1:50,000. This ratio is close to \~1% of the original concentration. In the case of fluorescent tagged AcrB, the expression level is about five to ten-fold less. But the molar ratio change during detergent extraction is similar. This is a very rough estimation without considering the contribution of lipids and other membrane proteins from the cells that also bind to each other and to detergent molecules during the membrane solubilization/extraction process. But the dilution effect due to the need to add extra detergents is apparent. While tightly bound oligomers such as wild type AcrB could survive short term exposure to a high detergent concentration during membrane extraction, weaker membrane protein oligomers such as AcrB~P223G~ dissociate during the process. Thus, it is important to characterize the oligomeric stage and complex formation of membrane proteins in cell membranes.

With the fast development of hardware and software, fluorescence microscopy is keeping on pushing boundaries in life science research. Fluorescence microscopy is uniquely useful in studying protein-protein interaction and localization since they can be used to analyze live cells, thus can probe target proteins under the more natural or physiological condition. In this study, we used three different methods, bpFRET, spectrum FRET, and FRAP. Obtaining reliable FRET efficiency of a target protein complex in intact cells is challenging, complicated by noises and factors such as protein expression level and population variation. This intrinsic variation is also highlighted by our observation that the FRET efficiency values determined using the two FRET methods are different for the same sample. However, both methods revealed significant FRET in the fluorescent tagged AcrB~P223G~ mutant, indicating oligomers exist. This result is confirmed using the FRAP measurement, as the diffusion coefficients for the WT and P223G AcrB-YPet fusion proteins are not statistically different, indicating that the proteins are similar in size.

Additional evidence supporting the trimeric state of AcrB~P223G~ comes from disulfide trapping experiment. When using the disulfide trapping method to probe protein-protein interaction, we need to keep in mind that formation of a covalent bond may serve as an energy sink to drive the thermodynamic equilibrium toward the associated state. DeGrado and co-workers has recognized this problem and modified the disulfide trapping method to incubate the protein with a GSH/GSSG mixture [@bib33], [@bib34]. The GSH/GSSG mixture provides a buffered redox condition to allow the proteins to adjust and better represent their oligomeric state. Here we aimed at determining the natural oligomeric state of membrane proteins in the cell membrane. We found that by adding 4 mM DTT in the LB media, spontaneous disulfide bond formation in AcrB was greatly reduced. Thus we were able to introduce a pair of Cys at the inter-subunit interface and use it to probe protein oligomerization, while only inducing disulfide bond to form after cells are collected and right before they are lysed for analysis. By doing so, we avoided potential bias that could come from the energy sink of disulfide bond formation during cell growth. We acknowledge that the experimental design is based on the assumption that trimer dissociation in cell membrane is a slow process compared to the time necessary to remove DTT and initiate oxidation. This is consistent with a report by Bowie and co-workers, who discovered that membrane proteins could have very high kinetic stabilities [@bib35].

5. Conclusions {#s0085}
==============

In summary, we used three orthogonal methods to assess the oligomeric state of an AcrB mutant, P223G. Results from all three methods are consistent with the hypothesis that AcrB~P223G~ exists predominantly as trimers in cell membranes. The high concentration of detergent necessary for membrane extraction could lead to dissociation of membrane protein complexes, which in turn lead to false negative conclusions about loosely associated complexes and oligomers.
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